Photodynamic therapy (PDT) is a favorable cancer treatment modality due to its minimally invasive nature, leading to fewer side effects than chemotherapy and less damage to marginal tissue. Treatment methods involve directly activating a photosensitizer with light irradiation in the visible region to generate singlet oxygen that is toxic to cancer cells.^[@ref1]−[@ref4]^ Of the colors in this spectrum, longer wavelength red light (*i.e.*, 620---670nm) is preferred by the majority of photosensitizers in clinical practice due to its improved tissue penetration.^[@ref4]^ Despite this advantage, efficient photodynamic therapy remains challenging in tumors at a deep tissue level (*i.e.*, \>1 cm).

The current choice of FDA-approved and clinically used PDT drugs is extremely limited because only two drugs and their derivatives exist: Photofrin, a mixture of hematoporphyrin derivatives, and Levulan (5-aminolevulinic acid). Photosensitizers such as chlorin e6 and zinc phthalocyanine, although they are in clinical trials, still are experiencing complications and thus have not reached clinical practice.^[@ref5],[@ref6]^ Therefore, in order to accelerate advancement in PDT research, we focus on clinically used PDT drugs in this study. In contrast to the directly administered FDA-approved photosensitizer Photofrin,^[@ref3]^ low cost 5-aminolevulinic acid (ALA) has unique advantages as an FDA-approved PDT prodrug due to its hydrophilicity, higher selectivity in cancerous cells, and reduced concomitant photosensitivity, leading to minimal trauma in surrounding tissue.^[@ref7]−[@ref10]^ ALA converts to the photosensitizer protoporphyrin IX (PpIX) *via* the heme biosynthesis pathway to a greater extent in tumors than in nonmalignant cells due to the downregulation of the enzyme ferrochelatase (a PpIX degrading factor) in cancerous cells.^[@ref11]^ Subsequently, under irradiation with visible light, PpIX converts triplet oxygen into singlet oxygen, inducing cell death. Despite much progress in its clinical use, ALA's application is limited because while red light offers the maximum tissue penetration of the wavelengths in PpIX's activation spectrum ([Supporting Information Figure S12](#notes-1){ref-type="notes"}),^[@ref12]^ it is still absorbed or dispersed by pervasive components of animal tissue, rendering deep-tissue PDT quite challenging.^[@ref13]−[@ref15]^

With the advent of nanotechnology, lanthanide-doped upconverting nanoparticles (Ln-doped UCNP) have been developed that are excited by tissue-penetrable NIR light (*e.g.*, 980 nm) and have emissions in the visible spectrum.^[@ref16]−[@ref19]^ We and other colleagues have reported that UCNPs can be used as transducers for PDT *in vivo*,^[@ref20],[@ref21]^ but despite such progress, two urgent needs have not been met: first, only model photosensitizer molecules (*e.g.*, chlorin e6, zinc phthalocyanine, *etc.*) have been explored *in vivo*; second, to the best of our knowledge, there is no conclusive evidence showing that UCNP--PDT systems induce cell death in tumors at a significant deep tissue setting beyond 1 cm deep.

To meet this first need, herein, we aimed to design and test a UCNP covalently conjugated to ALA, a clinically used PDT prodrug. To meet this second need, we anticipated that a high UCNP luminescence efficiency would enable it to induce effective deep tumor toxicity. Therefore, we intended to design a UCNP with optimal red luminescence efficiency since red light is used for PpIX (ALA's product photosensitizer) activation in clinical practice. In addition, it is important to note that, since photons in the red region penetrate tissue better than green/blue radiation, such optimal red emission UCNPs would be desirable in growing dense tumor masses where activation of the released photosensitizer molecules are distant from the UCNPs. In attempting to do so, we first revisited the current red-emitting UCNP designs. For example, hexagonal phase core/shell UCNPs with core doping concentrations of 20--30% Yb and 2% Er are arguably optimal for red-emissions, and several groups have demonstrated their potential for PDT.^[@ref21]−[@ref27]^ To harness more upconverting efficiency for red-emissions, a couple of alternative strategies have been applied. Zhao and co-workers doped α-NaYF~4~:Yb(20%),Er(2%) UCNPs with Mn^2+^ for enhanced emissions at 650--670 nm and loaded a variety of photosensitizers for *in vitro* PDT.^[@ref28]^ However, Mn-doped UCNPs offer just a 15-fold increase from weakly emitting cubic phase α-NaYF~4~:Yb,Er UCNPs' red-emission.^[@ref29]^ More recently, scandium has been investigated as a host lattice material for red-emitting UCNPs: Huang and co-workers developed hexagonal phase NaScF4:Yb(20%),Er(2%) that can increase red/green emission ratio;^[@ref30]^ Ding *et al.* developed KScF4:Yb(20%),Er(2%) nanorods with 4.8 times the red-emission of NaYF~4~:Yb(20%), Er(2%) nanorods.^[@ref31]^

However, to the best of our knowledge, although red color purity has been achieved using the aforementioned approaches, the key problem regarding PDT remains because there is no evidence to show the red-emission of any existing UCNPs exceed that of β-NaYF~4~:Yb(20%--30%),Er(2%)\@β-NaYF~4~, the supposed optimal red-emitting UCNP structure.^[@ref32],[@ref33]^ Moreover, these uncoated nanocrystals are suggested to cause ion leakage, leading to dangerous biological toxicity if applied to PDT.^[@ref34]^ As a result, there is an emerging demand to engineer UCNPs with enhanced NIR-to-Red outcome and better biocompatibility with respect to effective phototherapy in a deep-tissue environment.

Recently, CaF~2~ has garnered attention as a shell material for Ln-doped UCNPs due to its optical transparency, stability, and small lattice mismatching with NaYF~4~. Moreover, being a component of ossified tissues, CaF~2~ shells are expected to prevent ion leakage and be more biocompatible than the conventional NaYF~4~ shell structure.^[@ref34],[@ref35]^ For example, a NaGdF~4~:Yb(20%),Er\@CaF~2~ was developed by Yan *et al.* for an *in vitro* PDT experiments.^[@ref36]^ In addition, recently, we demonstrated that the UV-emissions of α-NaYF~4~:Yb,Tm\@CaF~2~ can be systematically intensified by increasing the core Yb doping ratio, resulting in a 9-fold increase in UV-emission compared to the known optimal ß-NaYF~4~:Yb(30%),Tm(0.5%)\@β-NaYF~4~.^[@ref37]^ However, despite these advantages of the CaF~2~ shell system in terms of UCNP engineering, the design and application of CaF~2~-coated UCNPs are far more underdeveloped compared to more established β/β core/shell UCNPs.^[@ref38]−[@ref41]^

We envisioned that engineering CaF~2~ coated UCNPs *via* doping high Yb concentrations in the core may be applied to α-NaYF~4~:Yb,Er\@CaF~2~'s structure to augment red-emission for *in vivo* deep tissue PDT applications. Herein, we report a facile method for amplifying the red-emission of NaYF~4~:Yb,Er\@CaF~2~ by inherently adjusting the core Yb ratio from 20% to 98%, resulting in 15 times the red-emission of β-NaYF~4~:Yb(20%),Er(2%)\@β-NaYF~4~ and a highest reported absolute quantum yield value (*i.e.*, 3.2 ± 0.1%) of red-emissions from UCNPs. Furthermore, we conjugate the prodrug 5-ALA to the UCNPs by means of a covalent hydrazone linkage to avoid possible preleaking of the ALA and thereby increase its bioavailability. Subsequently, with 980 nm light excitation, the optimally red-emitting UCNPs can cause the PpIX to produce singlet oxygen and trigger tumor cell death, as seen through a deep tissue simulation up to 1.2 cm in thickness both *in vitro* and *in vivo*. At a biocompatible power density of 0.5 W/cm^2^, our red-emitting ALA--UCNP structure can still produce a significant cell killing effect through 1.2 cm of pork; when experimentally compared to the previously known optimal, however, this was not observed. Furthermore, *in vivo* PDT treatment shows our ALA--UCNP PDT system with low-power 980 nm irradiation outperforms clinically used red light irradiation in deep tumors, indicating a major step forward in improving the efficiency of deep-tissue PDT.

Results and Discussion {#sec2}
======================

Synthesis and Characterization of α-NaYF~4~:Yb,Er(2%)\@CaF~2~ UCNPs {#sec2.1}
-------------------------------------------------------------------

In our study, we synthesized a series of α-NaYF~4~:Yb,Er(2%)\@CaF~2~ UCNPs with escalated Yb ratios (*i.e.*, 20%, 40%, 60%, 80%, 98%) similar to our established method.^[@ref37]^ These UCNPs have nearly the same average diameter of 26 nm ([Supporting Information Figure S1a--e](#notes-1){ref-type="notes"}) and were further morphologically characterized by transmission electron microscopy ([Supporting Information Figure S 1f--j](#notes-1){ref-type="notes"}) and X-ray diffraction ([Supporting Information Figure S2](#notes-1){ref-type="notes"}), which show their uniform cubic core/shell structures.

To determine the optimal Yb ratio in this family of core/shell UCNPs, we characterized their red-emission outcome using spectrofluorimetry. Emission spectra under continuous wave (CW) 980 nm excitation of these UCNPs demonstrate that as the Yb core doping ratio increases from 20% to 80%, the red-emission increases systematically ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Integrated counts between 600 and 700 nm and corresponding photographs reveal that there is a 250% percent increase in red-emissions from α-NaYF~4~:Yb(20%),Er(2%)\@CaF~2~ to α-NaYF~4~:Yb(80%), Er(2%)\@CaF~2~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and inset).

![Emission spectra (a) under CW 980 nm, 1 W/cm^2^ excitation of α-NaYF~4~:Yb,Er\@CaF~2~ UCNPs with different Yb-levels. Integrated counts of red-emission (b) and photographs (inset) of α-NaYF~4~:Yb,Er\@CaF~2~ UCNPs with different Yb-levels.](nn-2014-05051d_0002){#fig1}

Furthermore, the red-emissions of α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ is 15 times as strong as that of β-NaYF~4~:Yb(20%),Er(2%)\@β-NaYF~4~ (structurally sound as characterized in [Supporting Information Figure S3](#notes-1){ref-type="notes"}), the supposed optimal red-emitting UCNP structure ([Supporting Information Figure S4](#notes-1){ref-type="notes"}). The absolute quantum yield of NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ is measured to be 3.2 ± 0.1% under 10 W/cm^2^, which is, to the best of our knowledge, the highest reported value for red-emissions. In addition, the extinction coefficient of UCNPs can also increase 4 times by elevating the concentration of the sensitizer (Yb^3+^) from 20% to 80%. However, the 98% Yb (α-NaYbF~4~: Er(2%)\@CaF~2~) had slightly less red-emission than 80% Yb, confirming that 80% is the optimal Yb core concentration for the red-emissions.

The 80%Yb α-core and 80%Yb\@CaF~2~ particles under TEM imaging show a distinct size distribution difference in [Supporting Information Figure S11](#notes-1){ref-type="notes"}, indicating that they indeed form a core/shell structure as expected. In addition, the power-dependent curve of red-emission from α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ ([Supporting Information Figure S5](#notes-1){ref-type="notes"}) indicates the luminescence is a two-photon upconverting process. In the Yb/Er upconversion process, Er^3+^ is quickly brought to the ^4^S~3/2~ state by Yb's two-photon energy transfer. It is hypothesized that high Yb^3+^ concentration causes a back-energy-transfer from the ^4^S~3/2~ state of Er^3+^ to the prevalent Yb. Delayed energy transfers from the excited Yb will bring the Er^3+^ to the ^4^F~9/2~ state by multiphoton upconversion, leading to the enhanced red emission. This enhanced red emission occurs at 80% Yb instead of 98% because red-emission is a two-photon process, and thus is saturated before the maximum Yb concentrations. This early saturation was similarly observed with the blue and NIR emission of α-NaYF~4~:Yb,Tm\@CaF~2~.^[@ref37]^

Synthesis and Characterization of ALA-α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ UCNPs {#sec2.2}
----------------------------------------------------------------------------

We then functionalized α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ UCNPs for the aqueous phase and conjugated ALA to them with a pH-sensitive hydrazone linkage *via* the method represented in [Supporting Information Figure S6](#notes-1){ref-type="notes"}. Thus, in this design, after such UCNPs enter the cell, conjugated ALA would be released by the low pH of the endosome,^[@ref42]^ and subsequently diffuse to the mitochondria and cause the overproduction of PpIX. The afforded ALA-conjugated UCNPs were also characterized morphologically. TEM images illustrate their monodispersity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c) and dynamic light scattering further determines the hydrodynamic size of ALA--UCNPs is about 62 nm ([Supporting Information Figure S7](#notes-1){ref-type="notes"}).

![Characterization of hydrophilic UCNPs: TEM images of PAA--UCNPs (a), Hyd--UCNPs (b), and ALA--UCNPs (c). Full FTIR spectra (d) and partial detailed spectra (e) of PAA--UCNPs, Hyd--UCNPs, and ALA--UCNPs.](nn-2014-05051d_0003){#fig2}

FTIR spectral analysis was employed to confirm the conjugation of ALA to the UCNPs *via* a hydrazone linkage ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d,e). On the spectrum for poly(acrylic acid)-functionalized UCNPs (PAA--UCNPs), the peak at 1636 cm^--1^ is attributed to the resonance of the carboxyl groups. However, this peak disappears after its amidation with hydrazine, as two new peaks at 1550 and 1408 cm^--1^ arise. These are attributed to the N--H bending and stretching vibrations of NH~3~^+^ respectively. Finally, when the hydrazone linkage to ALA is constructed, the peak at 1628 cm^--1^ represents the ---N=C--- bond between the hydrazide-functionalized UCNPs (Hyd--UCNPs) and the ALA and the retention of the peak at 1550 cm^--1^ indicates the full acid-sensitive covalent linkage was successfully constructed between the ALA and the UCNPs.^[@ref42]^ High performance liquid chromatography was used to analyze the supernatants from ALA conjugation and revealed a ∼40 μmol/mg loading capacity for ALA onto the Hyd--UCNPs.

*In Vitro* Photodynamic Therapy Treatment {#sec2.3}
-----------------------------------------

To examine the PDT efficacy of ALA-conjugated UCNPs (80% Yb), we first conducted an MTT cell proliferation assay in which HeLa cells were exposed to ALA--UCNPs and various controls (all 100 μg/mL) for 4 h followed by irradiation of CW 980 nm light at 0.5 W/cm^2^. It is important to note that 0.5 W/cm^2^ is well below the *American National Standard for Safe Use of Lasers* minimum permissible exposure for 980 nm CW laser of 0.73W/cm^2^.^[@ref43]^ Cell viability data ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) indicates a time-dependent curve for cells exposed to ALA--UCNPs, resulting in almost 70% cell killing after 20 min, while the presence of Hyd--UCNPs, ALA without red light, and just NIR irradiation had minimal cytotoxicity.

![HeLa cell viability exposed to ALA--UCNPs (100 μg/mL), Hyd--UCNPs (100 μg/mL), free ALA (100 μg/mL), and nothing (growth control) and irradiated with CW 980 nm light at 0.5 W/cm^2^ power density.](nn-2014-05051d_0004){#fig3}

Then, we sought to evaluate the impact of our red-emitting particles on ALA-induced photodynamic therapy. In this regard, we prepared β-NaYF~4~:Yb(20%),Er(2%)\@β-NaYF~4~ ALA--UCNPs, the previously considered optimally red-emitting particle, with an similar ALA loading capacity (*i.e.*, ∼40 μmol/mg), and irradiated cells exposed to these nanoparticles at a biocompatible low power density of 0.5 W/cm^2^. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} attests to the necessity of increasing the Yb ratio from 20% to 80% for phototherapeutic effect: while β-NaYF~4~:Yb(20%),Er(2%)\@β-NaYF~4~ ALA--UCNPs have insignificant cell killing, α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ ALA--UCNPs have a more than 60% cell death after 20 min. It might be expected based on PpIX's absorbance spectrum ([Supporting Information Figure S12](#notes-1){ref-type="notes"}) that the green emission of the β/β core/shell UCNPs activates PpIX leading to a therapeutic effect. However, after both β-NaYF~4~:Yb(20%),Er(2%)\@β-NaYF~4~ and α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ were conjugated to ALA and transferred into the aqueous phase, [Supporting Information Figure S13a](#notes-1){ref-type="notes"} illustrates that ∼95% of the green emission is quenched from the original emissions in hexane. This explains why the β/β core/shell ALA--UCNPs failed to induce cell death and confirms that the overlap between the red emission of the CaF~2~-coated UCNPs and the red absorbance of PpIX ([Supporting Information Figure S13b](#notes-1){ref-type="notes"}) is the main contributor to this PDT efficiency.

![HeLa cell viability exposed to α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ and β-NaYF~4~:Yb(20%),Er(2%)\@β-NaYF~4~ ALA--UCNPs (100 μg/mL) and α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ and β-NaYF~4~:Yb(20%),Er(2%)\@β-NaYF~4~ Hyd--UCNPs (100 μg/mL) and irradiated with CW 980 nm light at 0.5 W/cm^2^ power density.](nn-2014-05051d_0005){#fig4}

Singlet Oxygen Generation Detection *in Vitro:* {#sec2.4}
-----------------------------------------------

To investigate the mechanism of the results from the above-mentioned experiments, we validated the production of PpIX and concomitant generation of singlet oxygen species caused by exposure to ALA--UCNPs. We stained cells with 2′,7′-dichlorofluorescein diacetate (DCFDA), a standard fluorescent indicator for singlet oxygen generation, and imaged using fluorescence microscopy ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). DCFDA diffuses into the cell and is acetylated into a nonfluorescent compound by cellular esterases. Reactive oxygen species (ROS) oxidizes it into 2′,7′-dichlorofluorescin (DCF), which has bright green fluorescence.^[@ref44]^ In our study, we found that cells exposed to ALA--UCNPs show intensifying DCFDA fluorescence over irradiation time, clearly indicating the production of PpIX and then singlet oxygen ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--c). In addition, brightfield imaging overlaid with the UCNP emission ([Supporting Information Figure S10](#notes-1){ref-type="notes"}) shows that the UCNPs are indeed in the cytoplasm, indicating they were instrumental in activating the PpIX.

![Singlet oxygen production detected by fluorescence of DCFDA in HeLa cells exposed to 100 μg/mL of ALA--UCNPs and irradiated with 0 (a), 5 (b), and 10 min (c) of CW 980 nm light. Singlet oxygen production detected by fluorescence of DCFDA in HeLa cells exposed to 100 μg/mL of Hyd--UCNPs and irradiated with 0 (d), 5 (e), and 10 min (f) of CW 980 nm light.](nn-2014-05051d_0006){#fig5}

This data was later corroborated with a quantification of the singlet oxygen production by measuring the fluorescence intensity of the DCFDA using 96-well microtiter plate reader ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Both DCFDA fluorescence imaging and microtiter plate measurement suggest effective prodrug delivery and subsequent PpIX activation by our red-emitting UCNPs.

![Singlet oxygen quantified by DCFDA fluorescence in HeLa cells exposed to 100 μg/mL of ALA UCNPs, Hyd--UCNPs, ALA, and nothing (growth control).](nn-2014-05051d_0007){#fig6}

*In Vitro* Deep-Tumor PDT Treatment {#sec2.5}
-----------------------------------

Once we had established the optimal red-emission and PDT effect of 80% Yb UCNPs, we sought to simulate PDT in deep-set tumor conditions *in vitro*. In this regard, pieces of pork tissue of varying thickness were placed between the NIR laser and HeLa cells exposed to UCNPs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) and analyzed for cell viability with an MTT assay ([Supporting Information Figure S8](#notes-1){ref-type="notes"}). It is also worth noting that with the added distance between the meat and cells (*i.e.*, the height of the well and the media bathing the cells), the simulated depths were greater than the measured thickness of the pork. After 40 min of irradiation at 0.5 W/cm^2^, all pork thicknesses had cell viabilities significant to the control (Hyd--UCNPs). While no pork (0 mm) resulted in less than 20% cell viability, 6 mm had less than 50% cell viability and 12 mm had ∼70% cell viability. This establishes and validates the feasibility of using UCNPs as a NIR-to-red transducer for prodrug photodynamic therapy at a deep-tissue level (\>1 cm).

![Photograph of the setup of simulated deep tumor conditions in an *in vitro* MTT assay (a). HeLa cell viability exposed to α-NaYF4:Yb(80%),Er(2%)\@CaF~2~ and β-NaYF4:Yb(20%),Er(2%)\@β-NaYF4 ALA--UCNPs (100 μg/mL) and α-NaYF4:Yb(80%),Er(2%)\@CaF2 and β-NaYF4:Yb(20%),Er(2%)\@β-NaYF4 Hyd--UCNPs (100 μg/mL) and irradiated with CW 980 nm light at 0.5 W/cm^2^ power density for 40 min with 0, 6, and 12 mm pork tissue on top of the cells (b).](nn-2014-05051d_0008){#fig7}

In addition, our novel red-emitting UCNP--PDT system was compared with the previously known optimal β/β core/shell red-emitting structure at a deep tissue level with a biocompatible low power density of 0.5 W/cm^2^ for laser irradiation. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b demonstrates the dramatic improvement in phototherapeutic effect with our novel red-emitting UCNPs in ALA-PDT, with more than 30% cell death even with 1.2 cm of pork. In contrast, β/β core/shell ALA--UCNPs could not induce phototherapeutic effect, possibly because at such a low power density with superficial tissue, they cannot efficiently emit red light.

*In Vivo* Deep-Tumor PDT Treatment {#sec2.6}
----------------------------------

Finally, *in vivo* testing was conducted in subcutaneous tumors grown on Balb/c mice models to evaluate the effect of our PDT treatment. Here, we compared the tumor volume reduction effect of a red light laser ranging from ∼635--685 nm (PpIX's activation region) and 980 nm light irradiation (UCNPs' activation wavelength) at a biocompatible 0.5 W/cm^2^. After all tumors reached a normalized volume, they were separated into groups of five and injected with either ALA--UCNPs or saline (growth control and irradiation toxicity control groups). Then, they were irradiated on the first day with their respective wavelength and tumor volume and body mass were measured over 14 days. As seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, regarding the control groups, treatment with irradiation controls (red + 980 nm wavelengths together, each at 0.5 W/cm^2^) and the UCNPs alone were nearly the same as the growth control, and body mass change data indicates there was no noticeable toxicity to the mice in this treatment ([Supporting Information Figure S9](#notes-1){ref-type="notes"}). As for the experimental groups, without a deep tumor simulation, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a shows that there is no statistically significant difference between treatment with NIR (red hexagon curve) and red (blue triangle curve) light, indicating our UCNP--PDT system can compete with the clinical norm. However, the advantage of 980 nm light is evident when PDT treatment was conducted when inserting pork tissue between the laser and the mice tumors ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b) to simulate deep tumors. ALA--UCNPs with 980 nm light irradiation produced ∼150 mm^3^ tumor reduction even with 1.2 cm of pork tissue above the tumor, while there is no noticeable therapeutic effect with clinically used red light irradiation at that depth. Moreover, statistical significance tests reveal that even with thick 1.2 cm of superficial tissue, 980 nm light induces therapy that is significantly greater than the tumor reduction induced by red light with 6 mm of superficial tissue, showing that ALA--UCNP PDT treatment outcompetes clinically used treatment even in the shallow tumor setting. Our nanostructure's ability to induce significant phototherapeutic effect with such low power excitation yet thick superficial tissue represents a major improvement in the design of PDT materials.

![*In vivo* volume of tumors exposed to various controls and ALA--UCNPs with red and near-infrared irradiation (0.5 W/cm^2^) in simulated deep tumors. Legend: gray square, untreated tumors serving as growth controls; light gray square, tumors exposed to ALA--UCNPs and no irradiation; black square, tumors simultaneously exposed to red and NIR light both at 0.5 W/cm^2^, but no ALA--UCNPs; blue triangle, tumors exposed to ALA--UCNPs and clinically used red light; navy blue triangle, tumors 6 mm deep exposed to ALA--UCNPs and clinically used red light; light blue triangle, tumors 12 mm deep exposed to ALA--UCNPs and clinically used red light; red hexagon, tumors exposed to ALA--UCNPs and deep-penetrating 980 nm light; magenta hexagon, tumors 6 mm deep exposed to ALA--UCNPs and deep-penetrating 980 nm light; brown hexagon, tumors 12 mm deep exposed to ALA--UCNPs and deep-penetrating 980 nm light. Statistical significance was determined from one-way *t* tests; significance (\*) was based on *p* \< 0.05 and *p* \> 0.05 for not significant (\*\*) pairs.](nn-2014-05051d_0009){#fig8}

Conclusions {#sec3}
===========

In conclusion, we have developed high Yb doped UCNPs with a biocompatible CaF~2~ shell with an optimal 15-fold increase in red-emissions compared to their hexagonal phased counterparts. The absolute quantum yield of α-NaYF~4~:Yb(80%),Er(2%)\@CaF~2~ is measured to be 3.2 ± 0.1%, the highest reported value for red-emissions. Furthermore, we demonstrate conjugating ALA, a clinically used prodrug for the red-absorbing photosensitizer PpIX, to the UCNP surface *via* a hydrazone linkage, giving us exquisite control over their PDT effect in the cell. This photodynamic therapy system was tested for its therapeutic potential: it exhibited strong singlet oxygen generation and ∼70% cell death after 20 min of NIR irradiation. Furthermore, significant cell death (∼30%) was produced in simulated deep tumor conditions with as much as 12 mm of pork tissue and a biocompatible low power density of 0.5 W/cm^2^ while ALA--UCNPs based on the known optimal red-emitting UCNP cannot. Finally, *in vivo* mice models of tumors when treated with these ALA--UCNPs demonstrated size reduction significant from the controls even under 12 mm of pork tissue (the greatest depth at which UCNP--PDT has been achieved), while clinically used red light could not. Thus, we envision that this study marks an important step forward in biocompatible photodynamic therapy utilizing UCNPs to effectively access deep-set tumors at a low irradiation power density. It may also provide new opportunities for the a variety of applications using upconverting red radiation in photonics and biophotonics.

Methods {#sec4}
=======

Synthesis of α-NaYF~4~:Yb,Er(2%)\@CaF~2~ PAA--UCNPs {#sec4.1}
---------------------------------------------------

The synthesis was modified from a previous work.^[@ref45]^ In brief, 10 mg of OA-UCNPs were dispersed in hexane and mixed with 0.20 g of nitrosonium tetrafluoroborate dissolved in DMF in a sealed vial overnight. Subsequently, UCNPs were precipitated with 2-propanol and centrifugally washed once in DMF. UCNPs dissolved in DMF were mixed with 10 mg of poly(acrylic acid) dissolved in DMF at 80 °C overnight. Finally, UCNPs were precipitated with 2-propanol and centrifugally washed twice in water.

Synthesis of α-NaYF~4~:Yb,Er(2%)\@CaF~2~ Hyd--UCNPs {#sec4.2}
---------------------------------------------------

PAA--UCNPs dissolved in PBS at 1 mg/mL were exposed to 50 mg of EDC and 10 mg of sulfo-NHS for 4 h. Then, excess EDC and sulfo-NHS were washed off by centrifugation and carboxyl-activated PAA--UCNPs were redispersed in PBS. This dispersion was mixed with 5 mL of hydrazine monohydrate overnight and subsequently centrifugally washed several times in DI water.

Synthesis of α-NaYF~4~:Yb,Er(2%)\@CaF~2~ ALA--UCNPs {#sec4.3}
---------------------------------------------------

Hyd--UCNPs were centrifugally washed into 10 mL of anhydrous methanol several times at 1 mg/mL. Then, 5 mL of ALA dissolved in anhydrous methanol at 10 mg/mL and a drop of dilute acetic acid for catalysis were mixed with the Hyd--UCNPs for 48 h. ALA--UCNPs were then centrifugally washed and dispersed in PBS at 5 mg/mL.

Absolute Quantum Yield Measurement {#sec4.4}
----------------------------------

A cylindrical quartz cuvette containing the sample in hexane solution was placed in a calibrated integrating sphere in a Horiba Jobin Yvon Fluorolog-3 spectrometer. For the samples and for a hexane blank, emission spectra (600--730 nm) and spectra of scattered excitation light (970--990 nm) were recorded and corrected for the wavelength-dependent sensitivity of the apparatus at 10 W/cm^2^. The absolute quantum yield (QY) of each sample was determined according to the equation, QY = (*I*~em,sample~ -- *I*~em,blank~)/(*I*~ex,blank~ -- *I*~ex,sample~), where *I*~*x*~ is the integrated intensity of the emission (em) or scattering (ex) spectrum for the sample or blank.

Cell Viability Analysis by MTT Assay {#sec4.5}
------------------------------------

A 96-well microtiter plate seeded with 1 × 10^4^ HeLa cells/well was incubated overnight at 37 °C with 5% CO~2~. Cells were subsequently exposed to 100 μg/mL of ALA--UCNPs, Hyd--UCNPs, ALA, or PBS for 4 h and then irradiated with CW 980 nm laser diode at 0.5 W/cm^2^ for 0, 5, 10, or 20 min. After overnight incubation, cells were labeled with 12 mM solution of MTT in PBS for 4 h. Finally, the media was aspirated and replaced with 50 μL of DMSO and formazan absorbance was determined by a plate reader at 540 nm.

Singlet Oxygen Detection Cell Imaging {#sec4.6}
-------------------------------------

Glass-bottom confocal dishes seeded with 1 × 10^6^ HeLa cells were incubated overnight at 37 °C with 5% CO~2~. Cells were subsequently exposed to 100 μg/mL of ALA--UCNPs or Hyd--UCNPs for 4 h. Cells were washed three times with warmed Hank's Balanced Salt Solution (HBSS) and then stained with 25 μM DCFDA in HBSS for 45 min. With the use of a fluorescent microscope equipped with a CW 980 nm laser diode, DCFDA fluorescence was imaged with 495 nm excitation and 535 nm emission between 0, 5, and 10 min of irradiation using a 60× water-immersion objective lens.

Singlet Oxygen Detection Quantification {#sec4.7}
---------------------------------------

A 96-well microtiter plate seeded with 1 × 10^4^ HeLa cells/well was incubated overnight at 37 °C with 5% CO~2~. Cells were subsequently exposed to 100 μg/mL of ALA--UCNPs, Hyd--UCNPs, ALA, or PBS for 4 h and then stained with 25 μM DCFDA in HBSS for 45 min. After irradiation with CW 980 nm laser diode for 0, 5, or 10 min, DCFDA fluorescence was immediately determined with a plate reader with 495 nm excitation and 535 nm emissions.

Loading Efficiency Determination Using High Performance Liquid Chromatography (HPLC) {#sec4.8}
------------------------------------------------------------------------------------

After the ALA-conjugation process and centrifugation of fresh ALA--UCNPs, the methanol-based supernatant was saved and vacuum-dried, and leftover solutes (including unconjugated ALA) were redispersed in 2 mL of DI. This solution was evaluated with HPLC to determine the concentration of free ALA by a standard curve (264 nm detection wavelength) and backcalculation was used to determine the amount of ALA conjugated to the Hyd--UCNPs.

*In Vivo* Photodynamic Therapy Treatment {#sec4.9}
----------------------------------------

Female Balb/c mice were purchased from Nanjing Peng Sheng Biological Technology Co. Ltd. and used under protocols approved by Soochow University Laboratory Animal Center. 4T1 cells (1 × 10^6^) suspended in 40 μL of PBS were subcutaneously injected into the back of each female Balb/c mouse. After ∼6 days, the mice bearing 4T1 tumors were treated when the tumor volume reached ∼50 mm^3^. The mice were divided into 9 groups (*n* = 5 per group) and intratumorally injected with ∼40 μL of saline, or ALA--UCNPs (20 mg/mL). An optical fiber-coupled 980 nm high power laser diode (Hi-Tech Optoelectronics Co., Ltd. Beijing, China) was used to irradiate tumors at a power density of ∼0.5 W/cm^2^ for 40 min (1 min interval after each minute of irradiation). The tumor sizes were measured by a caliper every other day and calculated as the volume (tumor length) × (tumor width)^2^/2. The body weight of mice was also measured with every tumor measurment and percent change was calculated by the formula (body weight today)/(body weight on day 0) × 100.
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